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Robert J. Ryan12 and Michel Boufadel3 
 
 
ABSTRACT 
 
Multiple conservative tracer (NaBr) injection experiments were conducted in Indian Creek, a small 
urban stream located in Philadelphia, Pennsylvania, USA to compare the effects of various 
experiment design factors on the shape of the observed breakthrough curve.  Three experiments 
were conducted in which instream background solute concentration was increased by 2 orders of 
magnitude.  The injection duration of these experiments ranged from less than 1 hour to 24 hours.  A 
fourth experiment was conducted in which the instream background solute concentration was 
increased by 3 orders of magnitude.  The injection duration of this experiment was approximately 
one hour.  All experiments were conducted during baseflow conditions (53 L s-1 to 65 L s-1).  The 
initial falling limb of the breakthrough curve was similar for all experiments, regardless of injection 
duration or magnitude of the increase in background solute concentration.  The slope of the mid-
range of the falling limb was most influenced by the maximum observed tracer concentration and 
the slope of the late tail of the falling limb was most influenced by the duration of the experiment.   
 
 
1. INTRODUCTION 
 
Breakthrough curve (BTC) analysis is used in the study of many different stream phenomena.  
Reach average travel time can be estimated from the time of arrival of a tracer (Verstraeten et al., 
1999).  Dispersion can be estimated from the slope of the BTC (Thomann and Mueller, 1987; Ryan 
and Boufadel, 2006a) and transient storage or hyporheic exchange characteristics can be estimated 
from the shape of the falling limb of the BTC (Bencala and Walters, 1983; Keefe et al., 2004; 
Morrice et al., 1997; Ryan and Boufadel, 2006b; Ryan and Packman, 2006; Ryan et al., 2004; 
Salehin et al., 2003; Wörman et al., 2002a,b). 
All of these studies are predicated on the assumption that hyporheic exchange can be measured 
by analyzing the BTC which result from the use of field tracers.  However, there are some well-
recognized problems with the method that need further research.  For example, Wagner and Harvey 
(1997) analyzed the efficacy of various tracer test design parameters and found that a slug injection 
test resulted in greater parameter estimate uncertainty than a continuous injection ('injection to 
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plateau').  In addition, Wagner and Harvey (1997) found that uncertainty was minimized when the 
Damkohler number (DaI), as defined by Equation 1, approached a value of 1.   
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The parameters used to calculate DaI are defined as follows:  α is the transient storage 
exchange rate (s-1); A is the main channel cross sectional area (m2), As is the storage zone cross 
sectional area (m2), L is the reach length (m) and v is the reach average stream velocity (m s-1).  Of 
the factors used to calculate DaI, the researcher has the most control over reach length and thus this 
becomes a guiding parameter in minimizing uncertainty.  In another study, Harvey et al. (1996) 
analyzed the BTC of long term (4-day) tracer tests using the Transient Storage Model and found that 
the model was not sensitive to slower exchange pathways.  However, the research did not address 
the issue of the impact of injection duration on the shape of the BTC itself.  Finally, to the best of 
our knowledge, no work has been published on the influence of the actual plateau concentration on 
the BTC analysis.  That is, what differences will be observed between a BTC in which the plateau is 
2 orders of magnitude above background and a BTC in which the plateau is 3 orders of magnitude 
above background.  The purpose of the current work was to quantitatively analyze the influence of 
tracer test duration and plateau concentration on the shape of the observed BTC. 
 
 
2. SITE LOCATION 
 
Indian Creek begins as an urban stream in Montgomery County in southeast Pennsylvania, USA.  
The stream generally flows north to south and crosses into the western edge of the City of 
Philadelphia, where it is protected as part of the city's Fairmount Park system.  The watershed at this 
location is heavily urbanized, though there is a wide (150-200 m) riparian corridor consisting of 
deciduous forest on steep valley sides (20-25% slope).  The experimental reach was approximately 
246 m long and the injection point (IP) was located approximately 480 m downstream of the City 
boundary, as shown in Figure 1.   
 Within the experimental reach, the stream slope averaged 0.015.  The stream was a 
riffle/pool system with a bed of gravel/cobble substrate.  A substantial amount of fine sand and silt 
covered the gravel/cobble substrate during the studies.  The wetted channel was typically 5.5 m wide 
and 0.2 m deep at low flow (50 – 70 L s-1).  The width varied from 1 m to 8.9 m, and the depth 
varied from 0.05 m to 0.95 m.  Just downstream of the experimental reach the stream slope increased 
to 0.037 as the stream crossed from the Piedmont physiographic region to the Coastal Plain 
physiographic region. 
 
 
3. METHODS 
 
Four stream tracer experiments were conducted between August, 2004 and May 2005 using sodium 
bromide as the conservative tracer (instream [Br-] was typically < 0.2 mg L-1).  All experiments were 
conducted with similar methodologies.   
 Generally, stream flow at the IP was estimated at the start of each of the injection 
experiments based on velocity measurements obtained using either a Global Flow Probe Model 
F201 or a SONTEK ADV.  A transect was laid near the IP perpendicular to the direction of flow.  
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Figure 1 Location map of Indian Creek.  The red box on the aerial photo on the left shows the 
location of the experiment reach which is presented in detail in the figure on the right. 
 
The transect was divided into 10 equal intervals.  Stream velocity was measured at the center of each 
interval, six tenths of the depth below the free surface using the velocity meter.  The volumetric flow 
rate for each interval was calculated by multiplying the cross sectional area of each interval (width 
of the interval times the depth at the mid-point of the interval) by the measured velocity.  The total 
volumetric stream flow at the IP is then equal to the sum of the volumetric flow rates for each 
interval.  The Flow Probe has an estimated error of approximately 10% and the SONTEK ADV has 
an estimated error of 1%. 
This stream flow was used to determine the total mass of sodium bromide (NaBr) needed to 
increase the instream concentration by two (or three) orders of magnitude from the background 
level.  Tracer injectate solution was typically created by slowly mixing NaBr into a 1200 L tank 
filled with stream water.  For each injection experiment, the tank outlet was connected to a 3 m long 
perforated PVC manifold which was placed across the stream approximately 25 cm above the water 
surface.  The use of the manifold allowed for a more even distribution of injectate across the width 
of the stream.  For Experiments 1 and 2, the tracer was pumped to the manifold using a 1/3 HP 
centrifugal pump powered by a Coleman Maxa 3000 generator.  The pump used in these 
experiments has a very high rated capacity (> 150 L min-1) and in order to limit the actual injection 
flow rate to the stream, it was necessary to utilize a by-pass (or a recycle line) which directed a 
portion of the injectate back to the suction side of the pump.  A metering valve was installed 
between the pump and manifold in order to monitor and adjust the injection flow rate.  For 
.
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Experiment 3, the tracer was gravity-fed to the manifold (thus eliminating the need to transport the 
large pump and generator to the field site).  A metering valve was installed between the tank and 
manifold in order to monitor, and adjust as necessary, the actual flow rate to the manifold.  
Additional details regarding the tracer injection methodology for Experiments 1 and 2 can be found 
in Ryan and Boufadel (2006a) and additional details regarding the methodology for Experiment 3 
can be found in Ryan and Boufadel (2006b). 
The injection methodology for Experiment 4 deviated slightly from that used for Experiments 
1-3.  First, Experiment 4 was conducted immediately after Experiment 3 which allowed for the use 
of the same injection solution for both Experiment 3 and Experiment 4.  Second, the injection flow 
rate for Experiment 4 was calculated based on the change in volume of solution in the tank (i.e. the 
change in depth of solution times the diameter of the round tank) and the injection time period.  The 
injection flow rates and injectate concentrations are reported in Table 1. 
Stream water samples were collected at 3 minute intervals by hand during Experiments 1 and 2 
by dipping 120 ml polypropylene bottles that had been triple rinsed in the stream prior to collecting 
the sample.  Stream water samples were collected using autosamplers (ISCO Model 3700) during 
Experiments 3 and 4.  For Experiment 3, the autosamplers were programmed to collect samples at 3 
minute intervals during the rising and falling limb of the BTC, hourly during the plateau portion of 
the BTC and at 20 minute intervals during the late tail period.  For Experiment 4, the autosamplers 
were programmed to collect samples every 30 minutes during the entire BTC.   
 
Table 1.  Experiment Conditions 
 
Experiment 
Duration 
(hr) 
Stream 
Flow 
(L s-1) 
Bck 
Br- 
(mg L-1) 
Injectate 
Flow    
(mL s-1) 
Injectate 
Br- 
(mg L-1) 
Plateau 
Br- 
(C/Cbck) 
1 0.75 65 0.13 310 1875 90 
2 2 58 0.16 189 4400 105 
3 22.5 53 0.11 9.7 71,600 110 
4 1 53 0.11 133 71,600 1175 
  
 
For Experiment 1, samples were analyzed using an Orion Ionanalyzer Model 407A with an 
Orion bromide specific electrode and an Orion single junction reference electrode.  One out of every 
10 samples was run in duplicate.  This analytical method yielded a coefficient of variation (CV) of 
0.049.  For Experiments 2, 3, and 4, samples were analyzed using a Dionex 500 Ion Chromatograph.  
Again, one out of every 10 samples was run in duplicate.  This analytical method yielded a CV of 
0.033.  For all experiments, the injectate concentration was determined by ion selective electrode 
and for Experiments 2-4, a sample of injectate solution was also diluted and analyzed by ion 
chromatography.   
 
 
4. RESULTS 
 
Breakthrough curves (BTC) for each of the four experiments are shown in Figure 2 below.  In each 
figure, the X-axis is defined in seconds from the start of the falling limb and the Y-axis is a 
dimensionless concentration (C/Cmax).  The Transient Storage Model, which assumes an exponential 
BTC distribution, has been used in many tracer studies (Bencala and Walters, 1983; Harvey et al., 
1996; Ryan and Packman, 2006).  However, Haggerty et al. (2005) showed that the late time data of 
many BTC follow a power law distribution.  For the analysis in the current study, BTC data were 
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arbitrarily broken into 2 or 3 subsets (early, mid-range and late time) based on observed changes in 
BTC slope.  For all experiments, the early data were defined as having C/Cmax > 0.1.  Because of the 
coarse temporal sampling conducted during Experiment 4, this criterion precluded analysis of early 
data for Experiment 4.  The mid-range data were defined by an approximate straight line on a log-
log scale with an upper limit of C/Cmax =0.5.  The late data were defined as having C/Cmax < 0.025 
(Exp. 3) or C/Cmax < 0.0025 (Exp. 4).  This criterion was equivalent to C/Cbck< ~2.5.  Because of the 
truncated data sets, this criterion precluded analysis of late data for Experiments 1 and 2. 
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Figure 2  Breakthrough curves and 'best fit' lines for Experiments 1 through 4 (A through D).  
Early (    ), mid-range (     ) and late (    ) data are shown.  The form of each line as well as the slope 
and intercept are reported in Table 2. 
 
The early data for the low concentration experiments (Experiments 1, 2 and 3) exhibited 
similar behavior and this behavior does not appear to be influenced by the injection duration.  As 
reported in Table 2, the early data for these three experiments were best fit with an exponential 
function having a slope of -5.2 x 10-4 s-1 to -7 x 10-4 s-1.  The mid-range data exhibited power law 
behavior across all experiments.  For Experiments 1 and 2, the slope of the relationship was -1.88 s-1 
and for Experiment 3, the slope was -1.76 s-1.  However, for Experiment 4, the slope of the mid-
range BTC was -2.18 s-1.  The late data for Experiments 3 and 4 also exhibited power law behavior, 
though the slopes were much lower (-0.65 s-1 and -0.94 s-1, respectively).  
 
Table 2.  Best Fit Equations for the Falling Limb of the Observed Breakthrough Curves 
 
Exp. Early Data Mid-Range Data Late Data 
1 1.28 e-0.00052X (r2 = 0.974) 8.8E+05X-1.88 (r2 = 0.990) NC 
2 1.46 e-0.0007X (r2 = 0.908) 5.4E+05X-1.88 (r2 = 0.938) NC 
3 1.20 e-0.00064X (r2 = 0.993) 2.1E+05X-1.76 (r2 = 0.975) 9.3X-0.65  (r2 = 0.945) 
4 NC 6.7E+06X-2.18 (r2 = 0.991) 25.0X-0.94  (r2 = 0.930) 
       NC:  Not Calculated due to insufficient data 
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Experiments 1 and 2 (short duration, low concentration) had mid-range BTC slopes 
approximately 6% higher than Experiment 3 (long duration, low concentration).  In contrast, 
Experiment 4 (short duration, high concentration) had a mid-range BTC slope approximately 16% 
greater than Experiments 1 and 2 and 23% greater than Experiment 3.  The effect of experiment 
design is most pronounced in the late data where Experiment 4 had a slope that was 43% steeper 
than Experiment 3.   
 
 
5. DISCUSSION 
 
Conceptually, hyporheic exchange can be thought of as the movement of solute between two 'zones' 
or compartments in a stream—the free-flowing surface water zone and the subsurface hyporheic 
zone.  This is the conceptual model for the Transient Storage Model (Bencala and Walters, 1983; 
Runkel, 1998), a well-recognized and commonly used framework for analysis of transient storage 
and hyporheic exchange.  This model is described by the coupled equations below: 
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where A and As are the cross sectional areas of the main channel and the storage area (m2); C, Cs and 
Cl are the solute concentrations in the main channel, the storage area and the lateral inflow (mg L-1); 
Q is the volumetric flow rate in the main channel (m3 s-1); ql is the lateral inflow rate (m3 s-1 m-1); and 
α is the transient storage exchange rate (s-1).  Note that Cs in Equation 2 depends only on the 
exchange parameters (As and α) and the concentration gradient between the main channel and 
storage area (Equation 3).   
Since Experiments 1-4 were conducted in the same reach of Indian Creek under similar low-
flow hydrologic conditions, it is reasonable to conclude that any observed changes in ∂C/∂t are 
attributable solely to changes in the exchange parameters (As and α).  Based on the results of 
Experiments 1, 2, and 3, an order of magnitude increase in the experiment duration induced a 6% 
decrease in ∂C/∂t for the mid-range data.  The longer duration of Experiment 3 compared to 
Experiments 1 and 2 likely provided greater opportunity for tracer to move into additional storage 
areas with slower exchange rates.  Thus the reduced slope for Experiment 3 can be attributed to 
greater 'sampling' of slow exchange pathways during Experiment 3.  Similarly, based on the results 
of Experiments 1, 2, and 4, an order of magnitude increase in the maximum main channel 
concentration induced a 16% increase in ∂C/∂t for the mid-range data.  The slope difference between 
Experiment 4 and Experiments 1 and 2 is attributed to the increased concentration gradient between 
the main advective flow zone and transient storage zone.  This steeper concentration gradient would 
drive exchange at a faster rate, resulting in faster flushing of the storage zone and a steeper slope to 
the falling limb of the BTC.  The aggregate influence of experiment duration and maximum main 
channel concentration can be seen by comparing Experiment 3 and 4 where an order of magnitude 
decrease in the duration coupled with an order of magnitude increase in main channel maximum 
concentration resulted in a 23% reduction in ∂C/∂t for the mid-range of the falling limb and a 43% 
reduction in ∂C/∂t for the late data of the falling limb.  The impact to the mid-range data can be 
attributed to both experiment duration and maximum observed main channel concentration.  Indeed, 
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the difference in ∂C/∂t observed between the mid-range data of Experiment 3 and Experiment 4 
(23%) is essentially equal to the sum of the differences in ∂C/∂t attributed to experiment duration 
(6% difference between Experiments 1 and 2 and Experiment 3) and maximum observed 
concentration (16% difference between Experiments 1 and 2 and Experiment 4).   
Because the instream background concentration imposes a lower limit to all BTC regardless of 
Cmax, it is not appropriate to compare the late BTC data from experiments with vastly different Cmax 
based on C/Cmax.  Therefore, the late data of Experiment 3 and Experiment 4 were compared based 
on the criterion of C/Cbck< ~2.5.  The value of Cbck was unchanged from Experiment 3 to 
Experiment 4 and so this methodology compares the experiments based solely on an equivalent 
concentration gradient.  Thus the 43% reduction in ∂C/∂t for the late falling limb data for 
Experiment 3 is likely due primarily to the increased 'sampling' of slow exchange pathways during 
Experiment 3.  Throughout the 22.5 hour duration of Experiment 3, these pathways were loaded 
with tracer.  After the passage of the tracer maximum in the main channel, the storage zones began 
flushing tracer.  Even at very low main channel concentrations, it appears these slow exchange 
pathways were still slowly flushing tracer into the main channel, whereas the pathways loaded 
during the 1 hour duration of Experiment 4 were being flushed more rapidly.    
 
 
6. CONCLUSIONS 
 
Based on the results observed in Indian Creek, the maximum observed tracer concentration has a 
stronger influence on the slope of the mid-range BTC than does the injection duration.  This 
logically suggests that the surface-storage concentration gradient controls the mid-range BTC.  As 
the tracer maximum is advectively transported downstream within the main channel, the storage 
zone is slowly loaded with tracer.  After the passage of the maximum tracer concentration within the 
main channel, the storage zone slowly flushes tracer into the main channel.  However, the timescale 
of advective downstream transport is much faster than the timescale of storage zone loading and 
flushing.  Therefore, when the storage zone has been loaded with high concentration tracer, the 
concentration gradient between the main channel and storage zone will be steeper and thus exchange 
will be driven at a faster rate.   
In contrast, the injection duration appears to more strongly influence the slope of the late BTC 
than does the maximum observed concentration.  A longer duration experiment allows more 
complete loading of slow exchange pathways during the rising and plateau portions of the BTC.  
During the falling limb of the BTC, the storage zone is slowly flushing tracer into the main channel 
where it is advectively transported downstream.  When the storage zone is more strongly influenced 
by slow exchange pathways, it inevitably takes a longer time to flush tracer into the main channel.  
This results in higher tracer concentrations persisting in the main channel for a longer period of time 
than would be found during experiments of shorter duration.     
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